The nitrite-reducing activity of the normal susceptible biotype of lambsquarters (Chenopodium album L.) was strongly inhibited by atrazine in the assay medium, both in the case of the in vivo assays of leaf discs in light, and in vitro photoreduction assays of crude extracts. In vitro assays of crude extracts with methylviologen or ferredoxin supplying the reducing potential were not inhibited by atrazine. In the resistant biotype, inhibition of nitrite reduction did not occur with any of the above assays. Thus, it appears that atrazine does not inhibit nitrite reductase itself, but rather the availability of photosynthetically supplied electrons for the reduction. Atrazine had no effect when added to the media for either in vivo or in vitro assays of nitrate reduction by either the susceptible or resistant biotype.
Cases of increased tolerance toward certain herbicides for particular lines of weeds have been cited by Ryan (24) , who was the first to report tolerance toward triazine herbicides in common groundsel (Senecio vulgaris L.). More recently, tolerant biotypes of redroot pigweed (Amaranthus retroflexus L.) and lambsquarters (Chenopodium album L.) have been noted at the Northwestern Washington Research and Extension Unit at Mt. Vernon, Washington (20) , and in Ontario (2) . There appears to be no difference in the uptake, translocation or detoxifying systems in R2 and S biotypes of groundsel, redroot pigweed, and lambsquarters that can account for their differential tolerance to triazine herbicides ' (8, 21) . One can conclude that the resistance is derived from some adjustment in the plants' metabolic processes on which these herbicides exert their toxic effect. The best known effect of the triazines on metabolism is their interference with photosynthesis in treated plants (18) , and this is generally considered to account for their toxicity (15) .
However, various observations have been reported that do not fit this picture. Soybean seedlings with half-cotyledons removed, in aseptic culture, developed symptoms of atrazine toxicity earlier than could be explained by carbohydrate starvation (26) . Toxicity was prevented when sucrose was supplied in the culture medium, but it was proposed that the availability of carbohydrate acted to overcome the effects of unidentified toxic secondary factors. Differences have been noted between the effects of atrazine and darkness on the metabolism of ['4Cjsucrose and ['4CJserine in bean leaves (1) . Both atrazine and simazine at 0.1 /IM inhibited growth of tobacco callus tissue under nonphotosynthetic conditions (10) .
Atrazine and other photosynthesis-inhibiting herbicides, when tested with leaf sections in a medium containing nitrate, caused an accumulation of nitrite, presumably due to prevention of lightdependent nitrite reduction (12) . It was suggested that nitrite might be the toxic factor, the immediate cause of plant death.
The evidence now available indicates that the R biotypes of weeds differ from the S in that photosynthesis is little affected by the triazines (22, 29) . Results of Chl fluorescence studies have indicated that the difference between such biotypes of pigweed and lambsquarters lies on the reducing side of PSII (15) . Differ- ences in nitrite accumulation in pigweed leaf discs also have been found (6) Nitrite Determination. Five-g samples of leaves were frozen in liquid N2 in a mortar and ground to a fine powder. This was transferred to a 100-ml beaker, 10 ml of hot deionized glassdistilled H20 was added, and the mixture was stirred and boiled for 10 min. The cooled mixture was stirred for 5 min with 250 mg Darco G-60 charcoal, then centrifuged for 15 min at 27,000g. The supernatant material was filtered through glass wool, and the pellet was washed twice with small volumes of water by resuspending, recentrifuging, and filtering the supernatants through the same glass wool. The combined filtrates were centrifuged at 48,000g for 15 min, and the supematant solution was passed by gravity through a 7 mm diameter column containing a 1.5 cm layer of a 2:1 mixture of Celite and Darco G-60 above a 3-cm layer of Celite. The effluent was made to 20 ml. The nitrite content was determined by the diazo-coupling procedure (13) , measuring the A usually in both a Klett colorimeter and in a 5-cm path length cell in a Beckman model B spectrophotometer. At the low levels of nitrite in these leaf extracts, background absorption and/ or scattering must be almost completely eliminated; hence the use of charcoal and extended procedures to eliminate and correct for absorption deriving from the charcoal. Recovery experiments gave 75% recovery. Experiments with NiR established that the color from the diazo-coupling procedure was indeed due to nitrite.
Nitrate Determination. Nitrate determinations were performed on 1 ml of a 200-fold dilution of the effluent from the charcoalCelite column (above) using a modification of the method of Lowe and Hamilton (14) . The sample nitrate was reduced to nitrite during a 30-min incubation at 30 C in the presence of 0.5 ml of the soybean nodule bacteriod preparation (14) and 0.5 ml water. The mixture was diluted with 4 ml water, mixed with 1 ml of each of the diazo-coupling reagents, let stand 20 min and centrifuged for 5 min at 27,000g. The A of the supernatant fraction was read at 540 nm.
In Vitro Nitrite Reduction. Activities of three types of preparation were examined: homogenates, supernatants, and resuspended pellets. Leaves were ground by hand in a mortar with three volumes of extraction medium containing 10 mm KCI, 1 mM MgC12, 2 mm ascorbic acid, 1% (w/v) Ficoll, 0.1% (w/v) BSA, 30o (w/v) sucrose, and 0.1 M Tricine buffer adjusted to pH 7.5 (17) . The resulting brei was squeezed through four layers of fine nylon cloth to give the homogenate. This was centrifuged at 3,000g for S min. The supernatant fraction was recentrifuged at 27,000g for 10 min to give the supernatant for assay. The pellet from the 3,000g centrifugation was resuspended in a volume of extraction medium equal to that of the supernatant fraction drawn off. In Nitrite reduction was assayed in two ways: by using MV as the electron donor (13), or by a photoreduction method. In the case of the former, in order to avoid premature oxidation of all of the MV before the end of the assay period, the air above the assay mixture was displaced with N2, and the amount of sodium dithionite was increased. Hence, the assay mixtures contained 0.3 ml 0.5 M Tris buffer (pH 8.0), 0.2 ml 20 mm NaNO2, 0.3 ml 5 mM MV, 0.3 ml fresh Na2S204 (50 mg/ml in 0.29 M NaHCO3), and enzyme to make a final volume of 2 ml. The decrease in nitrite content between initial and final samples for a 10-min incubation period at 30 C was measured by the diazo-coupling method (13) .
The photoreduction assay was run in 20-ml beakers containing 0.3 ml 0.5 M Tris buffer (pH 8.0), 0.5 ml 2 mm ascorbic acid, 0.05 ml 20 mm sodium nitrite, 0.9 ml enzyme preparation, and water to give a final volume of 2 ml. The beakers were shaken for 30 min in a water bath at 30 C, in most At the end of the incubation, the reaction was stopped by adding the diazo-coupling reagents (13) used for the estimation of remaining nitrite. As above, activity was determined by the disappearance of nitrite during the incubation period.
In experiments involving the effect of atrazine, 0.02 ml of 4.65 mM atrazine in methanol was added to the total 2 ml of incubation mixture for either type of assay.
In Vito Nitrate Reductase. NADH-NR assays were usually run on crude extracts of leaves prepared by the standard procedure of Hageman and Hucklesby (7), using hand-grinding in a mortar for homogenization. Addition of casein to the extraction medium (23) did not increase the degree of extraction. Our preparations were stable for at least 4 h at room temperature without casein. Assays (7) were stopped by adding 0.2 ml of 1 M zinc acetate (7) in order to avoid possible interferences in the color reaction.
Crude extracts for FNH2-NR assay were prepared in the same way, except that a lower cysteine concentration and pH were used in the extraction medium, which contained 1 mm EDTA, 1 mM cysteine, and 24 mm K-phosphate (pH 8.0) (25). The assay procedure was essentially that of Paneque et al. (19) , except that onetenth as much Na2S204 was used, and the incubation was carried out in a N2 atmosphere. The reaction was stopped with zinc acetate as above, as a clarification step.
For the NADH-diaphorase assay, in the earlier experiments, a somewhat purified preparation was used (25), with extraction by 5 mM EDTA in 25 mm phosphate (pH 8.0), heating to 60 C, and precipitation at 65% saturation ammonium sulfate. In later experiments, purification was carried further through step 3 Leaf discs from plants which had been sprayed with atrazine had enough atrazine remaining on the surface or in outer cell layers to substantially inhibit or inactivate the in vivo nitrite reduction, especially after vacuum infiltration (in contrast to nitrate reduction which was unaffected). In order to avoid this, the leaves were dipped serially in three beakers of methanol held in an ultrasonic tank (Acoustica DR-5OAH AT 210, frequency 40 kc), then in two beakers of water, and blotted, before the leaf discs were cut and used without vacuum infiltration. Experiments with discs cut from washed leaves from atrazine-sprayed resistant plants mixed with discs from leaves from solvent-sprayed susceptible plants showed that 90-1O0o of the inhibiting power toward nitrite reduction was removed.
RESULTS AND DISCUSSION
Effects of Atrazine in the Assay Media. The data in Table I show that 50 ILM atrazine had virtually no effect on NR activity of susceptible lambsquarters leaf discs in in vivo assays, but that nitrite reduction was about 50%o inhibited. Discs from resistant plants were little affected in either respect. The results show that lambsquarters biotypes respond like the corresponding biotypes of redroot pigweed (6), although the former are somewhat less sensitive to atrazine. Atrazine had no effect on in vitro assays for nitrate reductase activity of susceptible lambsquarters leaves using either crude or partially purified preparations (95 and 98% of controls).
NiR activity can be measured in vitro by systems in which the reducing potential is generated by photosynthesis, or is supplied from an external source such as MV (Table II) . In the photoreduction experiments, activities of both homogenates and pellet suspensions from the S biotype were completely inhibited by atrazine (46 ,AM). Only a small degree of inhibition occurred in the R biotype. There was a large variation in activity levels in different experiments, probably because of differences in physiological age of plants and differences in the efficiency of recovery of uninjured chloroplasts. However, the degree of inhibition by atrazine was Since atrazine did not inhibit nitrite reduction in the MV assay by preparation from either biotype, it would appear that atrazine inhibits the processes by which electrons are supplied for the reduction rather than inhibiting the enzyme activity itself. In plant leaves, the immediate supplier of electrons for nitrite reduction is ferredoxin (1 1). Experiments were performed comparing the activities with either ferredoxin or MV serving as the electron donor (with both at 2.5% of the usual concentration). Both supported nitrite reduction equally, and there was no inhibition of either biotype by atrazine. It may be postulated that atrazine interferes with the mechanisms by which ferredoxin is reduced, possibly at a fairly remote stage of the photosynthesis scheme (15) . The observation that the amount of nitrite reduced in the photoreduction assays was more than an order of magnitude smaller than in the MV assays suggests that the supply of reduced ferredoxin was limiting in the absence of atrazine. Although the concentration of nitrite used in the photoreduction assay was one-fourth of that in the MV assay, the former was shown by experiment to be a saturating level.
Effects of Atrazine Applied to Young Plants. Although it was clear that atrazine inhibits nitrite photoreduction by leaves of the S biotype when added to the medium in in vivo tests, it has not been shown that atrazine sprayed on the lambsquarters plant has a parallel effect on its ability to reduce nitrite, with consequent accumulation of the anion.
When 3-to 5-week-old lambsquarters plants were sprayed with atrazine the subsequent nitrite and nitrate contents of the leaves were found to be as shown in Figure 1 . The nitrite levels in both the S and R biotypes were very low and varied between 60 and 150 ng N/g fresh weight, with no clear trend with respect to the initial level or time after spraying. Inasmuch as this is near the limit of sensitivity of the analytical method, considerable variability in the absolute values can be expected with consequently large percentage variation. There was no important accumulation of nitrite in leaves of atrazine-treated susceptible lambsquarters plants. The nitrate content of leaves of the S biotype was clearly affected. In the period after spraying, it rose steadily, and in various experiments approached a level of 1 mg nitrate N/g fresh weight 24 days after spraying. The nitrate content of the leaves of the R biotype was variable, but showed no definite trend of change after atrazine spraying.
There is a contrast here between the absence of accumulation of nitrite in the atrazine-sprayed plant, and the inhibition of in vivo nitrite reduction by atrazine. The question arises as to whether the sprayed plants actually have a decreased ability to reduce nitrite. Figure 2 shows that this was the case. The data are from three experiments, and represent the activity of leaves of S-type plants in in vivo nitrite reduction tests, as a percentage of the activity of plants sprayed with the methanol solvent only, at various times after spraying. (Solvent-sprayed plants and unsprayed plants had similar activities.) The activity fell rapidly within the first few h after spraying, and more slowly thereafter. 
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It is recognized that the in vivo assays do not fully represent the capacities of the leaves for nitrate and nitrite reduction. The sharply reduced activity found, however, seems indubitable. Various workers (16) have shown higher activity in the in vivo NR assay under anaerobic, as compared to aerobic conditions. The same loss of activity occurred when the assays were performed under N2, although more than twice as much nitrate was reduced as under aerobic conditions (Fig. 3) .
The decrease in rate of nitrate reduction in leaves of atrazinetreated susceptible plants was also shown when activity was tested by in vitro NR assay with NADH as the reductant. For example, one experiment showed a 10%o decrease in 2 h, 55% in 6 h, 65% in 24 h, and 75% in 48 h. Plant NR has been shown (3) to comprise a complex of three activities in one entity. In vitro assays of crude extracts of leaves of susceptible lambsquarters plants sprayed with atrazine showed that the FNH2-NR activity was lost at a rate similar to the NADH-NR activity. One day after spraying, leaves of atrazine-treated susceptible plants had no significant FNH2-NR activity, whereas the methanol-sprayed plants were normally active. In contrast, somewhat purified preparations (25) tested for NADH-diaphorase activity indicated no difference in activity 4 days after spraying between atrazine treatment, methanol treatment, or no treatment. When preparations were further purified by both ammonium sulfate fractionation and DEAE-cellulose fractionation to a degree shown by Schrader et al. (25) to have removed irrelevant diaphorases, the NADH-diaphorase activity was found to have reacted to atrazine spraying in the same way as did the other components of the complex. Thus, in samples collected one day after spraying, the more purified diaphorase component of the atrazine-sprayed leaves had only 19 Among the conclusions that can be drawn from these experiments is the absence of any toxic levels of nitrite accumulating as a result of atrazine treatment. The data suggest that this is avoided because, although NiR activity is reduced, NR activity also decreases. The experiments on nitrite reduction are compatible with the evidence that inhibition of photosynthesis is the main cause of atrazine toxicity. It seems clear that the factor affected is not the NiR enzyme itself, but rather the light-dependent reducing potential. The work of Machado et al. (15) The explanation of the loss of NR activity is not known. NR is a highly variable, inducible enzyme with a rapid turnover (27) . It decreases in response to water stress (27), but in our experiments the atrazine-treated plants lost activity long before visible change in the leaves; and even when the leaves showed damage, their water content was found to be little changed. A dark-activated inhibitor of NR has been found in soybean leaves (9) . We found no indication of such an inhibitor in S-type lambsquarters leaves.
When a crude extract (as described under the in vitro NR assay method) was held in the light for 1 h, then in the dark for 5 h, loss of activity was small and less than for 5 h in light. Lambsquarters leaves of both biotypes do appear to have a NR inactivator of the protease-type of Wallace (28). Crude extracts stored in the refrigerator with 2 mm phenylmethanesulfonylfluoride lost no activity in 24 h, and about half their activity in 7-8 days. Without phenylmethanesulfonylfluoride the same extracts lost from 0 to 20%o activity in 1 day, and 75% in 7-8 days. The possible relevance of this observation to the decrease of NR activity after atrazine spraying will require further study.
The decrease of in vitro NR activity is not due to inadequate NADH supply as an electron donor in the assay, since NADH is added in the assay medium. However, NADH can act as an NR stabilizer (27) and inhibition of photosynthesis by atrazine could cause a deficit in the NADH supply of the leaves, resulting in faster loss of NR than replacement. The report that atrazine inhibited RNA synthesis in common groundsel (22) suggests the possibility that the synthesis of NR is directly interfered with. Since NR is generally considered to be the rate-limiting step in nitrate assimilation, the decreased NR level in atrazine-treated lambsquarters of the S biotype may be an important factor in atrazine toxicity.
